Thymidylate synthase (TS) catalyzes the reductive methylation of deoxyuridine monophosphate (dUMP) using methylene tetrahydrofolate (CH 2 THF) as cofactor, the glutamate tail of which forms a water-mediated hydrogen bond with an invariant lysine residue of this enzyme. To understand the role of this interaction, we studied the K48Q mutant of Escherichia coli TS using structural and biophysical methods. The k cat of the K48Q mutant was 430-fold lower than wild-type TS in activity, while the K m for the (R)-stereoisomer of CH 2 THF was 300 M, about 30-fold larger than K m from the wild-type TS. Affinity constants were determined using isothermal titration calorimetry, which showed that binding was reduced by one order of magnitude for folate-like TS inhibitors, such as propargyldideazafolate (PDDF) or compounds that distort the TS active site like BW1843U89 (U89). The crystal structure of the K48Q-dUMP complex revealed that dUMP binding is not impaired in the mutant, and that U89 in a ternary complex of K48Q-nucleotide-U89 was bound in the active site with subtle differences relative to comparable wild-type complexes. PDDF failed to form ternary complexes with K48Q and dUMP. Thermodynamic data correlated with the structural determinations, since PDDF binding was dominated by enthalpic effects while U89 had an important entropic component. In conclusion, K48 is critical for catalysis since it leads to a productive CH 2 THF binding, while mutation at this residue does not affect much the binding of inhibitors that do not make contact with this group. © 2008 Elsevier Ltd. All rights reserved.
Introduction
The search for antiproliferative drugs based on enzyme targets has led to drugs such as methotrexate, which inhibits dihydrofolate reductase (Huennekens, 1994; Kimura et al., 2004) . A second related enzyme involved in folate metabolism is serine hydroxymethyltransferase, which has been designated also as a drug target (Appaji Rao, Talwar, & Savithri, 2000) . Thymidylate synthase (TS, E.C. 2.1.1.45) is the third enzyme in the methylene tetrahydrofolate cycle that catalyzes the reductive methylation of 2 -deoxyuridine-5 -monophosphate (dUMP) to 2 -deoxythymidine-5 -monophosphate (dTMP) using 5, 6, 7, as cofactor ( Fig. 1A) (Carreras & Santi, 1995) . In many organisms, TS is the only de novo source for dTMP required for DNA synthesis (Finer-Moore, Santi, & Stroud, 2003) . The wealth of information on the structure, function and mechanism of TS has led to the design of substrate analogs to inhibit human TS, since impairing this enzyme inhibits the growth of proliferating cells including those that cause cancer. Human TS pharmacogenomics has been focused to 5 and 3 untranslated polymorphisms, tandem repeats, and also in mutations in the TS coding region (Barbour, Berger, & Berger, 1990; Tong et al., 1998) . Furthermore, TS stands as an important model to understand structure-function relationships and as a paradigm for structure-based drug design against various bacterial and proliferative diseases (Stout et al., 1999) .
Several nucleotide and folate analogs have been developed as anticancer drugs. 5-Fluorouracil is widely used as in cancer chemotherapy as it is converted to 5-fluorodUMP (FdUMP), which is a suicide-inhibitor of TS (Fig. 1B ) (Danenberg, Langenbach, & Heidelberger, 1974; Santi, McHenry, & Sommer, 1974) .
The search for antifolate analogs of TS lead to Fig. 1B) , which bound to TS in a similar manner as the natural cofactor and like the cofactor induced a conformational change that promoted active site closure (Matthews, Appelt, Oatley, & Xuong, 1990; Montfort et al., 1990) . Another antifolate, BW1843U89 (U89) is structurally similar to PDDF (Fig. 1B) , but has an extra ring attached to the quinazoline group that makes it a larger molecule than PDDF. When bound to TS, U89 produces an active site distortion and binds in a new position (Stout & Stroud, 1996; . But despite the latter effect it still induced a conformational change that promoted closure of the C-terminus and a reduction in size of the active site cavity (Montfort et al., 1990) . PDDF and U89 eventually lead to the development of drugs such as Tomudex (raltitrexed), an antifolate targeted to TS that is used against colon cancer (Chu, Callender, Farrell, & Schmitz, 2003) .
In general, conserved or invariant residues are critical for function, and their mutation result in reduced catalytic activity (Finer-Moore et al., 2003) . One such residue is K48, 1 which is an invariant non-catalytic residue that stabilizes the negative charge of the glutamate-end of CH 2 THF by a water-mediated H-bond (Maley, Maley, & Baugh, 1982; Montfort et al., 1990) (Fig. 2) . This interaction was observed in the crystal structure of the wild-type (WT) ternary covalent complex of TS with FdUMP and CH 2 THF (Hyatt, Maley, & Montfort, 1997) indicating that K48 is essential for the binding of CH 2 THF and its analogs (Kamb, Finer-Moore, Calvert, & Stroud, 1992; Kamb, Finer-Moore, & Stroud, 1992) . The CH 2 THF ␥-glutamate is critical for folate processing, since it is polyglutamylated by folylpolygamma-glutamate synthetase. This enzyme is key for folate metabolism since it also processes drugs such as methotrexate, another long-standing antineoplastic drug, which targets dihydrofolate reductase (Huennekens, 1994) .
In studies with the bacteriophage T4 TS, the conservative mutation K48R decreased k cat and increased K m for CH 2 THF by two orders of magnitude compared to WT (LaPat-Polasko, . Our hypothesis is that the K48Q mutation in TS impairs the binding of antifolates structurally similar to the natural cofactor (and cognate folates), such as PDDF. However, U89 has not been used to characterize mutant TSs such as K48Q and since the U89-glutamate group is remote from the K48 site , it may help to understand the role of this residue.
In this work, we tested the functional role of K48, an invariant non-catalytic residue in the vicinity of the active site of TS, by means of protein crystallography, isothermal titration calorimetry (ITC), protein fluorescence and circular dichroism. We also determined the crystal structures of the K48Q TS mutant in the presence of various ligands to evaluate the effect of the mutation on folate binding, ligand-induced conformational change and the role of the ordered water molecule in contact with K48.
Materials and methods

Protein isolation and characterization
Wild-type (WT) TS and its K48Q mutant were prepared from an overexpressing strain of Escherichia coli as previously described (Maley, Pedersen-Lane, & Changchien, 1995) . Enzyme activity was measured using the spectrophotometric assay (Wahba & Friedkin, 1962) with modifications . After purification and precipitation with ammonium sulfate, WT and K48Q TS were frozen at −80 • C.
Protein crystallization
For crystal growth, the enzyme was extensively dialyzed against 20 mM potassium phosphate, pH 7.0, 0.1 M EDTA and 5 mM DTT. All crystallization experiments were done using the hanging drop method at room temperature. For each complex, crystallization conditions were searched using a screening grid with 20 mM potassium phosphate buffer, 4 mM DTT and increments in ammonium sulfate from 2.05 to 2.6 M (in 0.05 M increments) and pH from 7.5 to 8.0 (in 0.1 pH increments) (Montfort et al., 1990) . Crystals appeared after a few days in different crystalline forms. The complexes of mutant TS with dUMP crystal-2208 A.A. Arvizu-Flores et al. / The International Journal of Biochemistry & Cell Biology 40 (2008) [2206] [2207] [2208] [2209] [2210] [2211] [2212] [2213] [2214] [2215] [2216] [2217] Carreras and Santi (1995) . (B) Chemical structure of substrate, cofactor and inhibitors. lized in the cubic form. Binary and ternary complexes with 5NO 2 dUMP crystallized in the hexagonal form. The final protein concentration was 3 mg/ml and the concentration of the compounds used to form complexes in the crystallization drops was 3 mM each.
Fig. 1. Mode of action of thymidylate synthase. (A) Enzymatic mechanism after
Structure determinations
A single crystal was used and mounted in a quartz capillary to obtain diffraction data for each complex on an Enraf-Nonius area detector attached to a Cu␣ X-ray source and a FAST area detector at room temperature. Data reduction was done with MADNES (Messerschmidt & Pflugrath, 1987) , PROCOR (Kabsch, 1988), and CCP4 (CCP4, 1994) . Electron density maps were calculated using Refmac from CCP4 or CNS 1.2 (Brunger et al., 1998) . All crystal forms were isomorphous with the corresponding WT complexes, and they were used as starting models for refinement with CNS 1.2 (Brunger et al., 1998) . Rebuilding was done with O (Jones, Zou, Cowan, & Kjelgard, 1991) and structure comparisons with Coot (Emsley & Cowtan, 2004) . Final statistics for data collection and model refinement are shown in Table 1 . Figures were drawn with CCP4mg (Potterton et al., 2004) and Pymol 1.0 (DeLano, 2002).
Near-UV circular dichroism (CD)
Ellipticities were measured from 240 to 400 nm at room temperature using a Jasco J-720 (Jasco Inc., Easton, MD) spectropolarimeter, essentially as previously described (Galivan, Maley, & Maley, 1975; Weichsel, Montfort, Ciesla, & Maley, 1995) . Difference spectra were obtained by subtracting the ellipticities of TS (WT or mutant) to the TS-nucleotide-folate solution complex using a program provided by Jasco.
Isothermal titration calorimetry
For ITC, the enzymes were dialyzed against 20 mM potassium phosphate buffer, pH 7.5 plus 10% ethylene glycol and 5 mM DTT. However, DTT was omitted in the final buffer of dialysis because of its interference with the calorimetric determinations. ITC measurements were performed using a VP-ITC calorimeter (MicroCal Inc.). Calorimetric titrations were assessed at 25 • C with a previously equilibrated binary complex of 1 mg/ml of TS (WT or K48Q) and a 10-fold molar excess of dUMP in the sample cell. The stirring speed was kept constant at 394 rpm and the binding reaction was monitored in duplicate against the addition of 8 l aliquots of antifolate to the binary complex in the cell. The antifolate (PDDF or U89) concentration in the syringe was 0.333 mM in 20 mM potassium phosphate buffer plus dUMP in order to avoid nucleotide dilution. Microcalorimetry titration experiments were continued until a threefold excess of antifolate was reached. The binding reactions from ITC were analyzed using the Microcal Origin software supplied with the calorimeter, averaging duplicate titration data for calculation of binding constants and thermodynamical parameters.
Tryptophan fluorescence
Trp fluorescence was used to observe the antifolate binding regarding to the Trp residues at the active site (W80 and W83) (Anderson, O'Neil, DeLano, & Stroud, 1999; Felder, Dunlap, Dix, & Spencer, 2002; Lovelace, Gibson, & Lebioda, 2007; Sharma & Kisliuk, 1975) . Samples were prepared by dialysis as described above for ITC. Trp fluorescence was monitored using a PTI QM-2003 fluorometer with a Xenon lamp as a light source (Photon Technology International). The excitation wavelength was 295 nm and emission data were collected from 300 to 500 nm with 2210 A.A. Arvizu-Flores et al. / The International Journal of Biochemistry & Cell Biology 40 (2008 [2206] [2207] [2208] [2209] [2210] [2211] [2212] [2213] [2214] [2215] [2216] [2217] 
Results
Catalysis by K48Q
The K48Q mutant of TS was impaired both in catalysis and ligand binding. The k cat was found to be 0.016 s −1 , which is 430-fold less than that for the WT enzyme, while the K m for dUMP was 50 M, 10-fold higher than the WT. The K m for the (R)-stereoisomer of CH 2 THF was 300 M, about 30-fold larger than for the WT.
Ligand selection
Kinetic data indicated that the mutation of K48 to a glutamine was deleterious to the enzyme's function and may not produce a stable ternary complex with the K48Q mutant. We used near-UV circular dichroism (240-400 nm) as a screening method (Danenberg et al., 1974) , so that changes in the difference spectra would be indicative of productive binding as in our previous work with the binding of purine and pyrimidine nucleotides to the TS active site (Galivan et al., 1975; (Fig. 3) . In this manner, it was determined which combination of ligands produce a ternary complex similar to that of WT. Two nucleotides known to stabilize a ternary complex were tested: FdUMP and 5NO 2 dUMP; and three folates: PDDF, (R)-CH 2 THF and U89. A combination of ligands that produced spectra with K48Q that was very similar to those with the WT was 5NO 2 dUMP and U89 (Fig. 3F ), and these compounds were used to crystallize a K48Q ternary complex. Note that although all three folates are glutamylated, U89 has an isoindolinone instead of a PABA ring compared to CH 2 THF and PDDF (Fig. 1B) .
Nucleotide binding to the K48Q mutant
From the nature of K48Q mutant, nucleotide binding was predicted not to be affected, and to test this hypothesis, we determined the crystal structure of the K48Q-dUMP binary complex. The final model was refined to a resolution of 2.2Å (Table 1, PDB 2VET) . After a three-dimensional superposition with the binary complex of WT E. coli TS with dUMP (Stout, Sage, & Stroud, 1998) , the RMS deviation of the C␣ backbone between the models was 0.15Å. The nucleotide was well ordered in the crystal structure although there is a displacement in the position of the deoxyribose ring by approximately 0.3Å compared to its position in the WT structure. Such movement did not affect the H-bonding with the enzyme and only the H-bond distances of the nucleotide-ribose hydroxyl with H207 and Y209 are increased by 0.2Å. We also found a displacement of the catalytic C146 (0.3Å) in parallel direction of the uridine ring and observe a double conformation in this residue.
We found that Q48 disrupts the H-bond network that exists in the WT binary complex. Since in the latter structure, K48 contacts the main chain of I258 through a water molecule, while Y4 and Q219 are also H-bonded through a water molecule (Hyatt et al., 1997) . However, in the K48Q Fig. 3 . Near-UV circular dichroism difference spectra for wild-type (dashed lines) and K48Q mutant (continuous lines) TS in presence of nucleotide and folate analogs. Difference spectra pattern were calculated by subtracting the ellipticities in millidegrees of the protein-nucleotide-folate solution to the protein-nucleotide. The nucleotide analogs tested were FdUMP (left column) and 5NO2dUMP (right column). The folates evaluated were PDDF (A and D), CH2THF (B and E) and U89 (C and F). mutant binary complex, the contact with the F171 carbonyl is lost and the side-chain carbonyl of Q48 now contacts the main chain amide of I258 (Fig. 4B ). Y4 and Q219 are H-bonded by a water molecule in contact with the amino group of the Q48 side-chain. The loss of contact with F171 does not produce any significant shift in the connecting secondary structure elements and confirms that K48 does not participate in the nucleotide binding process.
Non-folate-dependent active site closure in K48Q
To investigate whether the barrier for closing the active site was larger in the K48Q mutant, we determined the crystal structure of the mutant with the nucleotide analog 5NO 2 dUMP, a strong competitive inhibitor of TS with a K i of 27 nM (Wataya, Matsuda, & Santi, 1980) which forms a covalent adduct with TS and induces closure of the active site in the absence of folate (Arendall, 2001) .
This structure essentially confirms that the mutant enzyme adopts a closed conformation, and that 5NO 2 dUMP forms a covalent bond with the catalytic residue C146 (Fig. 5A) . The density for the nucleotide analog was good in both active sites, since the whole dimer was contained in the asymmetric unit. The C-terminus was also ordered with the R21 H-bonded to the C-terminal carbonyl (I264) and establishes the presence of the nucleotide phosphate in both active sites (Fig. 5B) . All other contacts with the enzyme were found as in the WT complex with 5NO 2 dUMP. However, two water molecules that form H-bonds between the nitro group and to E58 and H147 were missing in the mutant structure. The marginal differences in the backbone of the mutant structure are probably due to the disruption of the H-bond network with Y4, Q219 and I258. In conclusion, K48Q did not interfere with the nucleophilic attack of 5NO 2 -dUMP on the catalytic C146 nor did it prevent the ligand-induced conformational change.
Folate binding for the K48Q mutant
In view of earlier studies (Maley et al., 1982) , the binding of CH 2 THF to the K48Q mutant was predicted to be impaired, and consistent with this hypothesis, the K m was increased by 30-fold compared to WT (see above). Since the natural substrate CH 2 THF will react with dUMP in the titration experiments, the antifolates PDDF and U89 were used for these equilibrium experiments (Fig. 6) .
U89 was more tightly bound compared to PDDF for WT TS, and the constants (Table 2 ) are similar to previous reports (Dev et al., 1994) . We also found that only one active site is occupied by the folate, which speaks to the asymmetry of the TS active site. These are the first ITC folate-titration experiments on TS, and since they do not Fig. 4 . Ligand-induced TS conformational change, (A) ribbon diagram of the apo TS (PDB 1TJS) in yellow and the ternary complex TS-FdUMP-CH2THF (PDB 1TSN) in green. FdUMP is represented in red and the folate in blue. The ligand-induced conformational change is defined by a C-terminus movement inward towards the active site by about 5Å. The loop between helix A and B moves about 1Å, allowing R21 to contact the nucleotide phosphate and the I264 C-terminal carboxylate. Secondary structure elements are named after Montfort et al. (1990) . (B) Stereo drawing of the mutation at the K48Q site on the crystal structure bound to dUMP. The glutamine residue at position 48 is colored in cyan bonds and the residues implicated in the hydrogen bond network with Q48 are highlighted in dark blue bonds. The water molecule in contact with Q48 is colored in red and hydrogen bonds are represented with dashed lines. The final model was refined to a resolution of 2.2Å. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) rely on indirect binding measurements, they are a reference for future work in understanding antifolate binding.
The enthalpic and entropic contributions provided by ITC are considerably different for the binding of the antifolates. This confirms differences in the mode of binding between U89 and PDDF, and it is also supported by the crys- (Chen, Davis, & Maley, 1996) . In contrast, PDDF binding to WT TS is driven by a strong enthalpic contribution (−19.9 kcal mol −1 ), derived from extensive H-bonds with the active site of WT TS and by water-mediated H-bonds. Also, this increase in the system order will have enthalpy-entropy compensation, as usually seen for many other ligand-protein interactions (Cooper, Johnson, Lakey, & Nollmann, 2001) . For the K48Q mutant, the enthalpic and entropic contributions for the binding of both antifolates are similar to those for the WT TS Table 2 ). However, the contribution from the enthalpy change for K48Q is increased while the entropy change is decreased in a major manner.
Trp fluorescence was used to examine the binding of antifolates to the WT and K48Q mutant active sites of the E. coli TS (Fig. 7) . During PDDF titration, Trp fluorescence at 332 nm was quenched related to the binding of PDDF, but an emission at 379 nm appeared, suggesting a fluorescence resonance energy transfer (FRET) between the WT TS and PDDF. A similar red shift in maximum emission during binding was reported in the literature for TS from Lactobacillus casei (Sharma & Kisliuk, 1975) and Pneumocystis carinii (Anderson et al., 1999) . Trp fluorescence experiments indicate that the K48Q mutant has a lower affinity for both antifolates, consistent with the ITC data.
Crystal structure of an antifolate-K48Q mutant complex
To further understand folate binding and to obtain ternary closed mutant complexes, we tried cocrystallization experiments of K48Q-dUMP-PDDF and K48Q-FdUMP-CH 2 THF, but failed to obtain diffracting crystals. Using the ligand selection strategy described above ( Fig. 3 ), neither CH 2 THF-FdUMP nor PDDF-dUMP in complex with K48Q gave an ellipticity pattern similar to the corresponding WT complex. Only the ternary complex K48Q-5NO 2 dUMP-U89 had a near-UV CD pattern similar to the WT complex. Using the pH and ammonium sulfate screening previously described, we obtained hexagonal crystals belonging to the P6 3 space group, which diffracted to 3Å (PDB 2VF0).
Even at the low resolution obtained, we could model the ligands within the K48Q active site and the enzyme structure appeared in a closed conformation (Fig. 8) . A strong covalent bond existed between the active site C146 and position C6 of the pyrimidine ring of 5NO 2 dUMP. The ordering of the loop containing R21 and the shift of the Cterminus towards the active site were the main features of the structure. The closure of the active site was assessed from the H-bonds between the 3 -hydroxyl of 5NO 2 dUMP and Y209 and H207, and from the contacts of R21 and the C-terminus with the ligands (Montfort et al., 1990) . We detected two conformations of U89 in the K48Q active site, which differed from that described in the WT enzyme complex (Stout & Stroud, 1996; . The isoindolinone carboxyl group is oriented about 1Å away from the observed position in WT TS and residue S54 maintained an H-bond with the isoindolinone carboxyl. We resolved different conformations with respect to the WT enzyme, which showed a displacement of the main chain in both subunits of about 0.5Å.
Discussion
The structural analyses of the E. coli TS K48Q mutant complexes confirmed the critical role of K48 for folate binding. The crystallographic results presented here show that the early steps in the reaction mechanism, namely nucleotide binding and covalent adduct formation, are not impaired by the mutation. Nonetheless, there is a decrease in k cat (∼430-fold) and an increase in K m for CH 2 THF (∼30-fold).
From this view of ligand binding, K48 functions as an electrostatic anchor that positions the glutamate tail of folate in the active site (Maley et al., 1982; Matthews et al., 1990) . Although CH 2 THF and some antifolates are polyglutamylated by folylpolyglutamate synthase, it is the nucleotide-dependent folate binding that is consistent with the enzyme mechanism (Spencer, Villafranca, & Appleman, 1997) . Also, the polyglutamylated folates interact with K48 via ordered water molecules (Kamb, Finer-Moore, Calvert, et al., 1992; Kamb, Finer-Moore, & Stroud, 1992) .
Active site closure is thought to be favored by the van der Waal contacts with the folate PABA more than the H-bonds made by the C-terminus, as seen in the closed conformation of TS binary complex with PDDF (Kamb, Finer-Moore, Calvert, et al., 1992; Kamb, Finer-Moore, & Stroud, 1992) and ternary complexes (Montfort et al., 1990; Stout et al., 1998) . In support of this thesis, the ITC and Trp fluorescence data indicate that binding of U89 to K48Q is only slightly affected by the mutation. In the left, titration with PDDF for the wild-type (A) and the K48Q mutant (C). In the right, titration with U89 for the wild-type (B) and the K48Q mutant (D). Titration experiments were done in potassium phosphate buffer (20 mM, pH 7.5) , ethylene glycol (10%) and dUMP (166.6 M) at 25
• C. Protein concentration in the cell was 1 mg/ml. The concentration of antifolate in the syringe was 0.333 mM. However, for PDDF it appears that the PABA ring of the folate is not enough to support productive conformation, since near-UV CD pattern were not similar to their WT counterparts. Interestingly, K48 is not essential for the ligand-induced conformational change to occur, since K48Q was able to stabilize a covalent adduct and the closed conformation when crystallized with 5NO 2 dUMP.
The altered mode of binding of U89 appears not to require the water-mediated K48 contact with the glutamate tail. These shifts enable the larger isoindolinone group of U89 to be accommodated in the active site, where the smaller PABA ring of the substrate CH 2 THF binds normally. As a consequence of these shifts, the glutamate tail from U89 is about 7Å away from the position of K48. We found a closed conformation in the ternary complex of K48Q with 5NO 2 dUMP and U89, as expected.
Trp fluorescence quenching of both WT and K48Q in the presence of PDDF suggests that the antifolate is located in the active site. However, the fact that FRET is only present when PDDF binds to the WT enzyme indicates that a specific orientation is required between the ligand and the residues in the active site that is not present in K48Q. The Trp fluorescence data clearly shows that the K48Q mutation affects the mode of binding of PDDF to the active site, and reflects the role of Trp residues at the active site in folate binding (Fritz, Liu, Finer-Moore, & Stroud, 2002; Hong, Haddad, Maley, Jensen, & Kohen, 2006; Kealey, Eckstein, & Santi, 1995) . This thesis may be extrapolated to the natural folate CH 2 THF, which also contains a PABA ring and as a result it may be stated that this mutation precludes productive folate binding and may be the cause for the two-order loss of catalytic activity found for the K48Q mutant TS.
The combination of biophysical techniques such as calorimetric titrations and protein fluorescence was useful in correlating ligand binding and ligand-induced conformational change in E. coli TS in solution when compared to the X-ray structure. The K48Q mutation in TS disrupts the H-bond network that exists in the active site, which as a result impairs cofactor binding. K48 does not participate in the nucleotide binding process and the nucleophilic attack on the catalytic C146 nor does it prevent the ligand-induced conformational change. The altered mode of binding of U89 makes it unnecessary for the glutamate of this inhibitor to interact electrostatically with K48 and leads to a ternary complex in the closed conformation. In this work, we demonstrate that the K48Q mutation in E. coli TS severely impairs the binding of classical folates such as CH 2 THF or PDDF, relative to the WT enzyme. Also, the mutation of this critical amino acid residue does not have the same effect on a modified antifolate (U89) whose mode of binding is altered. One aspect of studying mutation in invariant residues of TS is that a drug-resistant TS mutant can be developed for ex vivo gene therapy to prevent inmunosuppresion in bone marrow . Such potential applications will certainly benefit from understanding the structure and function of a model system such as that found in the case of bacterial TS. 
ABSTRACT 26
We evaluated through the TEAC assay, the antioxidant capacity and cytotoxicity on 27 cultured cells, as well as the superoxide dismutase (SOD)-like activity of 2,9,25,32-28 tetraoxo-4,7,27,30-tetrakis(carboxymethyl)-1,4,7,10,24,27,30,33-octaaza-17,40-29 dioxa[10.1.10 .1]paracyclophane and 2,9,25,32-tetraoxo-4,7,27,30-30 tetrakis(carboxymethyl)-1, 4,7,10,24,27,30,33-octaaza[10.1.10 In addition to high stability, a copper(II) complex that possesses SOD mimetic 58 activity should have a flexible arrangement of the ligands around the metal ion to 59 allow the reduction to copper(I). We studied macrocycles that bind metals with high 60 affinity and with a coordination similar to that observed in bi-copper proteins, such 61 as antioxidant superoxide dismutases (2) . Novel macrocycles with bioactive 62
properties have been reported; in particular manganese(II)-substituted macrocyclics 63 (4) . The lithium salt of the cyclophane was recrystallized 73
repeatedly from water until a colorless solid was obtained, and was converted to the 74 corresponding acid with diluted HCl at pH ~ 2. The purity was checked with 1 H NMR. 75
The starting materials were purchased from Aldrich. These receptors were 76 complexed with copper by dissolution in water with a minimal amount of solid 77 Na 2 CO 3 , until pH ≤ 7. Then, a solution containing CuCl 2 ·2H 2 O was added to form a 78 precipitate in a quantitative yield (2) . 79
80
Antioxidant Capacity 81
The TEAC assay is based on determination of TROLOX-equivalents, which is 82 a water-soluble analog of vitamin E. TROLOX (6-hydroxy-2,5,7,8-83 tetramethylchroman-2-carboxylic acid) was purchased from Aldrich (Milwaukee, WI, 84 USA). ABTS (2,2-azino-bis(3-ethylbenzthiazoline-6- 
Cellular toxicity assays 100
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy 101 donors and separated by a gradient density centrifugation using Ficoll-Hypaque 102 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Reaction velocity was determined as absorbance increment due to nitroblue 124 tetrazolium formazan formation per unit of time. One unit of SOD was defined as the 125 complex solution concentration that inhibits 50% of nitroblue tetrazolium formazan 126 formation (IC 50 ). Assays were performed at room temperature (24-26 °C 
Antioxidant capacity 137
The use of novel cyclophanes for biomedical purposes can be more attractive 138 and useful if other properties such as antioxidant activity against different molecules 139 are also present. The Cu 2 PO (0.10 g eq TROLOX mol or reduced glutathione (8) (Figure 2 ). This property is important when using these 142 types of molecules during controlled release or in hypoxia or inflammation therapy 143 (9) . Differences in the antioxidant capacity of the two cyclophane copper complexes 144 could be explained by their capacity to trap the radical and inhibit the reaction. 145
Based on our results, cyclophanes copper complexes may be considered bioactive 146 molecules, because their antioxidant capacity is comparable to phenolic acids, 147 although lower than flavonoids and vitamin C and E (8, 10) . 148 149 was not cytotoxic to the cells in the first 24 h of culture even when high doses 160 were used. Beyond 48 h, the basal mortality of the cells increased due to 161 depletion of nutrients. The cytotoxic effects of Cu 2 POwas also evaluated on 162 human cultured peripheral blood mononuclear cells. In this case, the observed 163 effect was similar within the range of 48 h. 164
Superoxide dismutase-like activity of Cu 2 PO and Cu 2 PC cyclophanes 165
The SOD-like activity was measured using the nitroblue tetrazolium 166 (NBT) formazan assay, with modification from the Beyer and Fridovich assay 167 (7). Since SOD or the compound tested should inhibit NBT oxidation, data are 168 represented as an inhibition or IC 50 , as the concentration of the complex that 169 inhibits 50% of NBT formazan formation (Figure 3 Fernandes (1). Specifically Cu 2 PO octahedral geometry changes to the 174 corresponding square-planar at pH ≥ 6.4, whereas the Cu 2 PC change begins 175 at pH ≥ 7.1 (2) . Thus, at pH = 7.4, Cu 2 PO equilibrium is displaced towards the 176 square-planar structure compared to Cu 2 PC, and this could be the reason for 177 the differences in SOD-like activity. Another important feature is the solubility 178 of the compounds. Some of the SOD mimetics that have been developed have 179 not reached the market, mainly due to poor biopharmaceutical properties, in 180 which low aqueous solubility is included (11) . Hence, the water solubility 181 presented by the complexes under study is an important characteristic. 182 183 (2) . Since the lone pair of the amide 207 group is linked to an aromatic group, the electron density around Cu atoms is 208 low and the reduction potential of Cu(II) may be decreased, so that switching 209 between Cu(II) and Cu(I) could be easier than with other copper complexes. 210
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Introduction
Preorganization of ligand molecules is a major strategy for the molecular design of receptors that have a high molecular recognition capability toward specific metal ions [1] [2] [3] [4] [5] [6] [7] . When a macrocyclic ligand is protonated or coordinated to a metal ion, the conformation of the ligand molecule is altered. When such a conformational change is obstructed by the introduction of bulky groups into a macrocyclic ligand, the resulting macrocycle will show complexation properties that differ from those of the parent macrocycle, even when the electron densities on the donor atoms are not influenced by the introduced groups. This is an approach to the preorganization of macrocycles. This paper reports a novel example in which macrocycles that have an identical ring size and an identical arrangement of donor atoms show different acidities, spectroscopic properties and coordination properties due to a difference in steric effects.
Reactions between ethylenediaminetetraacetic (edta) dianhydride and aromatic diamines (such as p-phenylenediamine) provide a series of amide-based chelating paracyclophanes represented by macrocycle 1 (Fig. 1 ) in which two edta units and two diamine units are linked by amide bonds [8] [9] [10] ; macrocycle 1 is abbreviated as (Lpd)H 4 that indicates the diamine unit and the number of acidic protons. If the conformational change of the ligand upon metal complexation can be hindered by the introduction of bulky groups into the phenylene groups of (Lpd)H 4 , the resulting macrocycle will be ideal for studying the steric effect on metal complexation, because the substituent groups do not directly influence the electron density and consequently electron-donating capability of the donor atoms. On the basis of this presumption, we have synthesized dimethyl and tetramethyl derivatives, (Ldmpd)H 4 (2 in Fig. 1) and (Ltmpd)H 4 (3 in Fig. 1) , and studied their solid state structures and solution properties related to molecular motion. For studying the steric effect on metal complexation, Cu 2 + is the best central metal because the Cu 2 + complex of the amide-based cyclophane is expected to show a structural conversion between structures A and B in Fig. 1 depending on pH, as reported for the Cu 2 + complexes of (Lpd)H 4 [10, 11] . The solution electronic spectra and X-ray structure of the binuclear Cu 2 + complex of the tetramethyl derivative 3 have shown the formation of a highly strained metal chelate molecule as a result of a steric interaction between tetramethyl-p-phenylene and amide groups.
Experimental
Syntheses of macrocycles
Macrocycle 1, (Lpd)H 4 , was synthesized by a reaction between ethylenediaminetetraacetic (edta) dianhydride (Aldrich) and p-phenylenediamine (Aldrich 97% grade) by the method reported previously [10] . A similar method was used for the synthesis of (Ltmpd)H 4 . 2,3,5,6-Tetramethyl-p-phenylenediamine (2.1 g, Aldrich 97% grade) dissolved in dry dimethylformamide (DMF, 90 ml) was added dropwise in a period of 4 h to edta dianhydride (3.0 g) suspended in DMF (200 ml) with vigorous stirring under a nitrogen atmosphere. After the resulting mixture was stirred overnight, any solid formed was removed by filtration. The filtrate was concentrated to an oil, to which ethanol (30 ml) was added. The solid formed was collected by filtration. The solid obtained was suspended in water (40 ml). To the suspension, solid Li 2 CO 3 was added little by little until a clear solution was obtained. The resulting solution (pH: 7.5) was concentrated to half the initial volume, to which ethanol (20 ml) was added. The solid formed was collected by filtration and dried in vacuum, and then washed by suspending in methanol (20 ml) overnight. The solid separated was mixed with a small amount of water so as to form a mull, which was dissolved by adding methanol. Concentration of the resulting methanol solution gave the product as its lithium salt. When an aqueous solution of the lithium salt was acidified with dilute HCl until the pH was approximately 2, the product was obtained in the acid form, and was collected by filtration, successively washed by suspending in water, collected by filtration again and dried in vacuum. Yield: 10%. Anal. Found: C, 52. 23; H, 6.93; N, 12.03 
X-ray crystal analyses
Diffraction data were collected with graphitemonochromated Mo Ka radiation (u= 0.71073 A , ) on a Bruker SMART 1000 X-ray diffractometer equipped with a CCD area detector. Data processing was carried out with the software package Bruker SAINT version 6.01, and structure determination was performed by the use of a Bruker SHELXTL version 5.1 software package. The scattering factors were taken from the International Tables for Crystallography, Vol. C, Table  6 .1.1.4. The crystallographic data are summarized in Table 1 .
Single crystals of Li 2 [(Ltmpd)H 2 ]·10H 2 O were obtained by diffusing ethanol into an aqueous solution that was prepared by adding a minimum amount of solid Li 2 CO 3 to a suspension of the macrocycle in a small amount of water in a small-bore tube. A colorless plate-like crystal with approximate dimensions of 0.03 ×0.10× 0.25 mm 3 was mounted on a glass fiber with an inert oil and transferred to a cold nitrogen stream of the diffractometer. The data collection was performed at a temperature of 170 K: 0B 2q B56.3°; total reflections (9h, 9 k, 9 l) = 15 097; unique reflections =5884. The structure was solved by direct methods followed by Fourier syntheses. Hydrogen atoms were added at idealized positions for the ligand molecule and at peak positions for water molecules, and they were constrained to ride on the atoms to which they are bonded.
Single crystals of 3[(Lpd)H 4 ]·2HCl·24H 2 O were grown by diffusing HCl vapor into an aqueous solution that was prepared by adding solid Na 2 CO 3 to a suspension of the ligand in a small amount of water (pH:8). The crystals were highly efflorescent. A prismatic crystal with approximate dimensions of 0.17× 0.20×0.47 mm 3 was sealed in a glass capillary together with the mother liquor, and the data collection was carried out at 300 K: 0B2q B 50°; total reflections (9 h, 9k, 9l)= 17 748; unique reflections =11 486. Carbon and oxygen atoms in a carboxylate group and two water molecules were disordered. Hydrogen atoms were included in the refinement in the same manner as for Li 2 [(Ltmpd)H 2 ]·10H 2 O, but the hydrogen atoms of most solvent molecules were excluded.
Single crystals of K 4 [Cu 2 (LtmpdH − 4 )]·11H 2 O in which four amide nitrogen atoms are deprotonated were obtained as follows. When excess CuCl 2 was added to an aqueous solution of the lithium salt of the ligand, a pale blue solid formed immediately. The product was dissolved in a small amount of 0.1 M KOH in a small-bore tube. Ethanol was added to the surface of the resulting deep brownish green solution. After the interface between the two liquid layers disappeared in a week, acetone was diffused into the resulting solution. Deep blue green crystals were obtained in a few weeks. A plate-like crystal with approximate dimensions of 0.05× 0.18×0.43 mm 3 was sealed in a glass capillary together with the mother liquor; the crystal was highly efflorescent. The data collection was performed at 170 K: 0B 2qB50°; total reflections (9 h, 9k, 9 l)= 28 421; unique reflections =5158. Empirical absorption corrections were applied by using the program SADABS: T min = 0.553 and T max =0.969. The crystal contained disordered water molecules that were readily liberated. Some of the water molecules were disordered in several positions. These molecules were refined isotropically, and their occupancies were determined in such a manner that their displacement parameters were almost identical.
Spectroscopic measurements
The NMR spectra were obtained with a Bruker AM 250 spectrometer for H 2 O-d 2 solutions at a probe temperature of approximately 23°C. The internal reference was sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). A minimum quantity of dilute KOH-d solution or dilute DCl was used for adjusting the pD of the sample solutions. The pH value of each sample solution was measured with a long-stem combination electrode inserted into the NMR sample tube after NMR experiments. The electrode was calibrated with standard aqueous buffers, and the measured pH values were converted to pD values by the relation pD=pH measd + 0.44 [12, 13] . Solution electronic spectra were recorded on a Perkin -Elmer Lambda 2 UV -Vis spectrometer. The ligands were dissolved in 0.01 M NaCl solution by adding an equimolar amount of solid Na 2 CO 3 ; the water solubilities of the macrocycles markedly decreased with decreasing pH at pHB 7. The pH values of sample solutions were adjusted by using 0.01 M HCl and 0.01 M NaOH so that the ionic strength was kept constant. Sample solutions of the Cu 2 + complexes were prepared from stock solutions of CuCl 2 and the appropriate ligands. The mass spectra were obtained by the use of a JEOL HX 110A spectrometer. Fig. 2 shows the molecular structure of [Li(H 2 
Results and discussion
X-ray structures of the macrocycles
2 − . An electron-density peak assignable to H was located at a position close to N(3) with a distance of 0.95 A , reasonable for an N H bond, whereas no peak was visible near N(2). Thus, the protonated amino nitrogen was unequivocally identified to be N(3). The protonated amino nitrogen N(3) forms an intramolecular hydrogen bond with O(2) in the other NCH 2 CO 2 − unit that is not protonated at its nitrogen or oxygen atom. The molecular planes of the two phenylene rings in a molecule are parallel to each other with a face-to-face distance of 4.417 (3) A , , the closest C C distance being 4.250 (4) A , for C(12) C(19)%. These distances are much longer than the van der Waals contact (3.4 A , ) predicted for the face-to-face stack of aromatic molecules and still longer than the C C distance 4.0 A , predicted for the van der Waals contact of methyl groups [14] . The least-squares planes of the amide groups are rotated by 59.77 (10) and 67.12(8) °from the phenylene ring plane due to the steric effect of methyl groups. This steric effect between the methyl and amide groups results in (1) the long intramolecular face-to-face distance between the phen- (8) 26.4(2) 3.6(4) 9.3 (3) a The positive sign indicates deviation toward the other p-phenylene ring in the same molecule, and the negative sign indicates deviation to the opposite direction; for N (5) and N(12) bonded to the edge-stacked phenylene ring in [(Lpd)H 5 ] + , the sign of deviation is not defined. b Deviations from the least-squares plane of four carbon atoms C(12), C(13), C(15) and C (16) which are in the plane within a deviation of 0.004 A , ; the phenylene ring is distorted in a boat form with dihedral angles, 3.7-3.9°.
c Distance of the least-squares plane of four ring carbon atoms, C(12), C(13), C(15) and C (16) , from the corresponding plane of the other p-phenylene group that faces the former. ylene rings, and (2) the deviation of methyl carbon atoms C (19) and C (20) from the phenylene plane (Table  2 ). The effects of the methyl substituents are verified by comparison with the X-ray structure of the unsubstituted cyclophane, (Lpd)H 4 .
The unit cell of 3[(Lpd)H 4 ]·2HCl·24H 2 O contains three macrocyclic molecules, two of which are crystallographically equivalent. One molecule, labeled I in Fig.  3 , has an inversion center and half the molecule is unique, whereas two crystallographically equivalent molecules, labeled II, are asymmetric. The protonated nitrogen atom in molecule I is identified to be N(3) by the same method as for [(Ltmpd)H 2 ] 2 − . A hydrogen peak was located at a position of O(3A) H = 1.15 A , , and the C(4A) O(3A) distance is approximately 0.1 A , longer than C(4A) O(2A), whereas in the carboxylate group C (8) + , the phenylene groups form an edge-to-face contact. Electrostatic interaction between two phenylene groups stabilizes an edge-to-face contact, and a face-to-face stack is stable only in the slipped form [15] . Both types of contacts are formed in this crystal. The molecular planes of amide groups in molecules I and II are rotated by 4-29°from the planes of the phenylene groups to which they are bonded (Table 2) ; the p-electron systems of the amide groups are conjugated with the phenyl groups, whereas such a conjugation is absent in the tetramethyl derivative. Thus, the introduction of methyl groups in the aromatic groups results in the different conformations of the macrocycles, which may be an important controlling factor of metal complexation.
3.2.
1 H NMR spectra and protonation of the macrocycles in solution Fig. 4 shows the 1 H NMR spectra of (Ltmpd)H 4 at different pD values, and the chemical shift and the full width at half maximum (fwhm) of each signal are plotted in Fig. 5 as functions of pD. At pD\ 9 four sharp peaks were observed, and hence four subunits in a molecule are chemically equivalent due to rapid inter-nal fluctuation. All signals shifted downfield with decreasing pD at pDB 9. Simultaneously the linewidths of the signals increased extraordinarily, except for the methyl proton signal; at pDB8 only the methyl protons showed a well-defined signal. Such an extreme line-broadening in 1 H NMR spectra was not observed for (Lpd)H 4 and (Ldmpd)H 4 .
The chemical shift of the ith CH 2 proton (i =a, b, etc. in Fig. 1 ) in (Lpd) 4 − and (Ldmpd) 4 − can be explained by the following function of pD (Fig. 6 ):
Here i n is the overall protonation constant at the nth protonation step, l i,0 is the chemical shift of the ith CH 2 proton in the completely deprotonated species shown by the general formula L 4 − , and l i,n the chemical shift of the ith proton in the species formed at the nth protonation step. Simulation curves obtained on the basis of Eq. (1) are shown by the solid lines in Fig.  6 ; the parameters for the best fits are given in the caption. For (Ltmpd)H 4 , simulation can be performed only for the methyl group; other proton signals are extremely broad, and hence the simulation curves are shown tentatively by the use of the i 1 value obtained from the methyl proton signal. The increase in the l i,n value, l i,n −l i,n − 1 , at the nth protonation step is related to an increase in proton population on the adjacent donor atom at the corresponding protonation step [16, 17] . The large simultaneous changes in l i,n of all CH 2 proton signals in the pD region of 7-9 indicate that the protonation in this pD region occurs predominantly at amino nitrogen atoms; the next protonation at pD B 6 occurs at carboxylate oxygen atoms. The 1 H NMR spectra show that two edta units are equivalent in solution throughout the pD range studied. Protonation in two edta subunits occurs simultaneously in an independent manner; [LH 2 ] 2 − forms at the first protonation step and [LH 4 ] 0 at the second protonation step. 4 − on the basis of the methyl proton signal is significantly smaller than the corresponding value 7.82 of (Ldmpd) 4 − and 7.77 of (Lpd) 4 − ; the estimated uncertainty in the curve fitting was 9 0.02, which was smaller than the uncertainty 9 0.03 of the conversion of pH measd to pD [13] . The lower basicity of the amino nitrogen atoms in (Ltmpd) 4 − can also be interpreted by the steric effect of the tetramethylphenylene groups, as follows. The protonated state of a weak acid is stabilized when an acidic proton is shared by two electron-donor sites, and this stabilization increases the basicity of the donor site. Such a stabilization is less effective in [(Ltmpd)H 2 ] 2 − , because the molecular reorientation accompanying proton exchange is hindered as shown by the line-broadening in the NMR spectrum. The tetramethyl substituents are too distant from the amino nitrogen atoms to influence the electron density on the donor atoms, but the steric effect of the methyl and amide groups decreases the basicity of the amino nitrogen in (Ltmpd) 4 − . Single crystals of the Cu 2 + complex with (Ltmpd)H 4 were obtained from a strong basic solution. The X-ray structure shown in Fig. 7 indicates the formation of a binuclear chelate formulated as [Cu 2 (LtmpdH − 4 )] 4 − in which four amide nitrogen atoms are deprotonated. Each metal ion is coordinated to two deprotonated amide nitrogen atoms and two amino nitrogen atoms, as schematically shown by Structure B in Fig. 1 . The resulting coordination geometry is a square planar with a small tetrahedral distortion: four coordinated N atoms deviate only by : 0.2 A , from the least-squares plane of CuN 4 . The axial positions are occupied by carboxylate oxygen atoms with very long Cu O distances (selected bond distances and bond angles are given in the figure caption). Each CuN 4 plane makes a dihedral angle of 78.9(2)°with respect to the p-phenylene ring plane, and two p-phenylene groups are stacked in a face-to-face manner. Amide nitrogen atoms N(1) and N(4) that are coordinated to the same metal ion are as close as 3.205(8) A , , which is much shorter than the interplane distance permissible for tetramethylphenylene groups that face each other; the van der Waals radius is 1.7 A , for aromatic carbon atoms and 2.0 A , for methyl groups [14] . For this reason, the amide nitrogen atoms deviate from the p-phenylene ring plane. In addition, the para-carbon atoms bonded to the amide nitrogen atoms are also forced to deviate from the p-phenylene ring plane toward the inside of the macrocyclic cavity (Table 2) , resulting in the distortion of the p-phenylene ring in a boat form with a dihedral angle of 3.7-3.9°. The interatomic distance between the para-carbon atoms that face each other, C(11) C(14)%, is 3.359(10) A , , which is still shorter than the van der Waals contact of carbon atoms, but, as a result of the distortion in the boat form, other four ring carbon atoms have looser interannular contacts: C(12) C(15)% = 3.452(10), C(13) C(16)% =3.448(10) A , ; the interplane distance is shown in Table 2 . The distortion of a benzene ring in a boat form has been reported for alkyl[n]paracyclophanes and dialkyl[n.n]-paracyclophanes with short bridging chains [18] [19] [20] [21] [22] . Even for cyclophanes with a moderate chain length (n= [8] [9] [10] [11] [12] , distortion in a boat is still significant as shown by X-ray studies and ab initio calculations: for example, the dihedral angle is 9°in [8] paracyclophane, 5°in [12] paracyclophane and 3.7°in 3,10-dioxo-2,5,8,11-tetraaza[12] paracyclophane [23] [24] [25] . The X-ray structure of [Cu 2 (LtmpdH − 4 )] 4 − has shown that the N Cu N coordination bonds are strong enough to deform the p-electron ring, like the ( CH 2 ) n bridges in [n]-and [n.n]paracyclophanes. Since the van der Waals radius of a methyl group is larger than that of a carbon atom, the interatomic distance of a pair of not directly influenced. In the binuclear Cu 2 + chelate of the macrocycle, the ligand molecule is distorted as a result of the ring contraction. The resulting strain energy leads to spectroscopic properties differing from those of the mononuclear Cu 2 + chelate. This is a good example for preorganization of macrocyclic ligands, in which the coordination properties are governed by the steric effect without the electron densities on the donor atoms being changed. 
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